Nuclear pore complexes (NPCs) are large, proteinaceous structures in the eukaryotic nuclear envelope through which occurs the active transport of macromolecules between the nucleus and the cytoplasm (reviewed in refs. [1] [2] [3] . Individual polypeptide components of the NPC, referred to as nucleoporins, have been identified in both vertebrates and the yeast Saccharomyces (1) . Several of the nucleoporins so far identified have fallen into distinct subsets on the basis of repeated amino acid motifs. The relevance of these repeated motifs to function is not yet understood. Although some sequence similarities between the vertebrate and yeast NPC proteins exist, functional homologs have yet to be identified (1) .
Highly enriched NPC fractions have been prepared from yeast (4) . These procedures indicate that the yeast NPC may comprise as many as 80 different polypeptides. To date, the genes of only eight nucleoporins have been identified in yeast. These nucleoporins can be divided into three distinct families: those containing XFXFG amino acid repeats (5-7), those with multiple repeats of the tetrapeptide GLFG (8) (9) (10) (11) , and those lacking any repetitive motifs (12) . In addition, a protein of the pore membrane domain, Poml52p, has been shown to be a component of the highly enriched NPC fraction (13) . Some of the nucleoporins are not essential for viability, indicating some redundancy within the NPC (1) . Interesting abnormalities in the nuclear envelope structure have been observed with disruptions of two nucleoporin genes (10, 14) .
The isolation and characterization of a gene for another nucleoporin is described here. Biochemical analysis demonstrates that this protein cofractionates with other components of the NPC. Disruption of the gene for this protein leads to striking clustering of NPCs in the nuclear envelope.
MATERIALS AND METHODS
Fractionation of Yeast Nuclear Proteins. Proteins from a preparation of highly enriched yeast NPCs (10 mg of total protein) were fractionated by ion-exchange chromatography, reverse-phase HPLC, and SDS/PAGE as described (4) . Fractions containing a 130-kDa doublet were electrophoretically transferred to polyvinylidene difluoride membrane (PVDF) and visualized with 0.1% amido black in 10% (vol/vol) acetic acid. Both bands of the 130-kDa doublet were excised together and cleaved with endoproteases. N-terminal sequence analysis was performed on several internal peptides (15, 16) .
Peptide Antiserum Production. A 15-amino acid peptide corresponding to amino acids 1121-1135 (ETLNSDNSL-EIKLHS) was synthesized, coupled to keyhole limpet hemocyanin, and used to immunize rabbits (Genosys, The Woodlands, TX). Rabbit serum was affinity purified by using immunizing peptide coupled to Affi-Gel-15 (Bio-Rad) according to the manufacturer's instructions.
Western Blot Analysis. Proteins were separated by SDS/ PAGE and transferred to nitrocellulose. Immunoblotting with anti-p133 peptide antibody (apl33Ab) at a 1:100 dilution was performed using the ECL system as described by the manufacturer (Amersham).
Immunofluorescence and Electron Microscopy. Early logarithmic-phase cells were prepared for immunofluorescence with monoclonal antibody mAb414 and 4',6-diamidino-2-phenylindole (DAPI) and for EM exactly as described (8, 14) .
Strains and Plasmids. The yeast strains used in this study were modifications of DF5 (17) ; MATa/MATa trpl-1/trpl-1 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3,112/leu2-3,112 lys2-801/lys2-801. All DNA manipulations were essentially as described (18) . NUP133 was isolated from a yeast genomic library by screening with a 1-kb PCR product amplified from yeast genomic DNA by using primers from the published sequence (19, 20) . A 4.1-kb fragment, including the coding sequence and 492 bp of 5' and 175 bp of 3' flanking sequence, was subcloned into pIC20R (ref. 21 ; generating pLP-2) and the CEN/ARS plasmid, pRS316 (ref. 22 ; generating pLP-3).
Disruption of NUP133. A 234-bp Spe I-EcoRV fragment from pLP-2 (corresponding to amino acids 98-176) was replaced by a 1.8-kb Xba I-EcoRV fragment encoding the HIS3 gene (generating pLP-4). Linearized pLP-4 was introduced into the diploid strain DF5a/a, and HIS' transformants selected (23) . Targeted integration was verified by Southern analysis. Sporulation and dissection of the resulting strain were as described (24) . Yeast strains were maintained in YPD or synthetic minimal medium supplemented with the appropriate amino acids and glucose (24) . contained in this fraction represent candidate nucleoporins. These proteins were further fractionated by ion-exchange chromatography, reverse-phase HPLC, and SDS/PAGE (4). ysis of the amino acid sequence revealed no significant similarities with other known proteins. Antibodies were generated against a peptide corresponding to amino acids 1121-1135 of p133. The resulting antiserum was affinity purified by using the same peptide. To determine whether the antibody specifically recognized the 130-kDa doublet isolated from the highly enriched NPC fraction, proteins from all the HPLC fractions (4) were separated by SDS/PAGE, transferred to nitrocellulose, and probed with the anti-peptide antibodies (apl33Ab; Fig. 1A ). The antibodies reacted specifically with a 130-kDa doublet contained in HPLC fractions 34-45 (Fig. 1A, boxed) p133 Coenriches with NPCs. If p133 is indeed a nucleoporin, it should coenrich with NPCs during cell fractionation. The NPC enrichment procedure begins with whole yeast spheroplasts, which are fractionated through several purification steps to yield highly enriched NPCs (4). Analysis of fractions collected throughout the procedure showed that no non-NPC proteins coenriched with the NPC-containing fractions, while all but one NPC protein coenriched with the highly enriched NPC fraction (4) .
RESULTS
Proteins from all of the fractions (from total cell lysate to highly enriched NPC fractions) were separated by SDS/ PAGE, transferred to nitrocellulose, and immunoblotted with apl33Ab (Fig. 1B) . As with similar immunoblots for other NPC proteins (4), p133 coenriched with the NPC, indicating that p133 is a component of the NPC. On the basis of this evidence, coupled with the p133 disruption phenotype (see below), we propose to term p133 Nupl33p, in agreement with nomenclature for other yeast nucleoporins (8 The doubling times of wild-type cells (DF5a/a) and diploid nupl33A cells (strain YLP3) grown at 23°C, 30°C, and 37°C were assessed by measuring the OD at 600 nm. Wild-type cells exhibited doubling times of 90 min at 30°C, 140 min at 37°C, and 160 min at 23°C. As expected, the growth rate of the nupl33A cells was greatly reduced. At both 23°C and 30°C the doubling time was 270 min over a 24-h period (Fig. 3A) . nupJ33A cells doubled once at 37°C and then ceased to grow. When nupl33A cells were grown at 30°C for longer periods, they exhibited a severe slowing of growth after 24 h. This was not detected in nupl33A cells grown at 23°C (Fig. 3B) . Cell viability at these temperatures was determined by measuring colony-forming ability. Cells were grown as in Fig. 3A over a 24-h period. At specific time points, aliquots were removed, plated, and grown at 23°C, and the resulting colonies were counted (Fig. 3C ). nupl33A cells grown at 23°C (and wild-type cells grown at 23°C, 30°C, and 37°C; data not shown) showed no decrease in viability over time; the number of colonies increased at the same rate as the OD (Fig. 3C) . In contrast, the colony-forming ability of nupl33A cells grown at 30°C did not reflect the increase in OD. The number of colonies increased approximately 2-fold over 6 h and decreased thereafter (Fig. 3C) . The OD of these cultures appeared to increase by 20-fold over 24 h (Fig. 3A) . When a culture of nupl33A cells was grown at 37°C, the number of viable cells decreased. After 24 h <2% of the starting number of cells were viable (Fig. 3C) . This indicated that the 37°C shift was lethal, as the cells could not be rescued by replating them at the permissive temperature (23°C).
Immunolocalization of Nucleoporins Is Altered by the Disruption ofNUP133. The distribution of NPCs was examined by indirect immunofluorescence in the diploid nupl33/ cells. Monoclonal antibody mAb414 (25) , which reacts with a subset of six nucleoporins (4) but does not react with Nupl33p, was used to probe wild-type (DF5a/a) and nupl33A cells grown at 23°C. In the wild-type cells, immunofluorescent staining formed a punctate pattern that localized to the nuclear periphery, typical of normal NPC distribution (Fig. 4) . In the nupl33A cells, this localization was abolished and the immuProc. Natl. Acad ScL USA 92 (1995) Proc. NatL Acad Sc. USA 92 (1995) 1191 nofluorescence signal was confined to a spot in one area of the nuclear periphery (Fig. 4) . DAPI (Fig. 5A) . However, in the nupl33A cells, NPCs were clustered in one or two areas of the nuclear envelope. This phenotype was observed in most sections where NPCs were visible. In most cases, the NPCs appeared to be densely clustered, as though the nuclear envelope was folding or invaginating (Fig. 5B) . In some cells, the NPCs appeared to be in two parallel rows (Fig. 5C ). At 23°C, the nupl33-disrupted cells appear to bud readily, and the nucleus can be seen entering the bud even when NPCs are exhibiting a clustered phenotype (Fig. 5D ). Abnormalities in the nuclear envelope have been observed in disruptions of two other nucleoporins, Nupll6p and Nupl45p (refs. 14 and 10, respectively). In the case of nupll6, a similar slow-growth phenotype and loss of viability at 37°C was observed. However, the sealed pores and electron-dense material observed in those cells at 37°C were not detected in nupl33-disrupted cells at 23°C (14) . The clustering-NPC phenotype observed here appears similar to that seen in the nupl45 disruption, suggesting that this is an NPC-specific phenotype (10) . The effect seems more exaggerated in the nupl33 strain, as the disruption appears to affect both cell growth and viability. There is no sequence similarity between these genes; however, it is possible that they may have overlapping functions within the NPC structure. The clustering of NPCs suggests that these proteins may be important for maintaining the position of the pore within the envelope, possibly by interacting with non-NPC proteins or by preventing the association of NPCs with one another. The appearance of folding and invagination of the nuclear envelope may suggest that these nucleoporins or the NPC as a whole plays a role in maintaining the architecture of the nuclear envelope. Understanding these phenomena may also help elucidate the mechanism of NPC assembly and the insertion of NPCs into the nuclear envelope.
DISCUSSION

